Frontal Cortex: Goal-Relatedness and the Cortical Motor System  by Umilta, M.Alessandra
Frontal Cortex: Goal-Relatedness and
the Cortical Motor System
Dispatch
M. Alessandra Umilta
A recent study has shown that prolonged electrical
stimulation of the ventral premotor cortex can evoke
complex defensive movements. Moreover, neurons
in this region show activity correlated with the vigour
of an induced defensive reaction. These results
support the idea that this cortical region encodes
goal-related actions.
In a series of experiments in the late 19th century,
Fritsch and Hitzig pioneered the technique of passing
an electric current through an electrode placed on the
cortical surface of the brain, thereby establishing the
powerful technique of cortical electrical stimulation.
This has proved to be a powerful tool for studying the
functional organization of the frontal cortex, the site of
cortical motor control and generation [1]. More recent
studies have shown that prolonged intracortical elec-
trical microstimulation in the frontal cortex can evoke
complex movements involving different joints and
muscles, while short stimulation evokes only simple
movements. Short duration stimulation was thought to
reduce the spread of current to neighbouring cortical
regions, providing a more specific stimulus and for this
reason a short train of electrical stimulation (10–50 
milliseconds)  became the technique of choice for
studying the frontal cortex [2].
Over recent years, Graziano and co-workers have
started to apply long durations of electrical stimulation
(up to 500 milliseconds) with some surprising results.
They selected long-duration stimulations in an attempt
to match the temporal durations of spontaneous
behaviours [3]. These long duration stimulations evoke
complex movements, strikingly similar to meaningful
behaviours of monkeys. In a recent study, Cooke,
Graziano and colleagues [4] both electrically stimu-
lated and recorded from neurons in the posterior part
of the portion of the ventral premotor cortex called F4
(Figure 1A) [5]. The authors suggest that the posterior
half of F4 is a functionally distinct region that they
term the ‘polysensory zone’ (Figure 1B) [6].
Previous studies have shown that most F4 neurons
respond to tactile stimuli on a particular body part [7,8],
and some also respond to visual and auditory stimuli
[9]. The visual receptive field of such a neuron is located
around the part of the body that the neuron responds to
during touch, typically extending about 30 centimetres
from the body part. Importantly, the visual receptive
field is anchored to this particular body part and con-
sequently independent of eye position [8,10–12]. Across
the population of neurons in this region, the receptive
fields are mostly located on the face, shoulder, arm and
torso. In addition, most of these neurons discharge with
movement of the specific body part. Short duration
intracortical microstimulation in this area has shown
that these neurons can generate movement of the neck,
proximal arm, trunk, face and mouth [7]. 
The novelty of the new experiments [4] is that long
duration (500 millisecond) electrical stimulation was
used at relatively high current intensity (usually
20–50 mA and in some cases up to 300 mA). Unlike
with a brief stimulation, this evoked coordinated and
complex face and eye movements that involved many
different muscles. These movements were evoked
when the animal was awake and also when the animal
was under anaesthesia, ruling out the possibility that
they were simply a reaction to a sensory experience
(Figure 1C,D). The movements resembled defensive
type movements of the kind that can be elicited behav-
iourally in the same animals by applying an air puff on
to the monkey’s face. 
Graziano et al. [4] recorded from neurons in the
polysensory zone as the monkey made defensive reac-
tions to an air puff on the face. They found that neural
activity increased during the defensive movements, the
magnitude of the increase correlating with the strength
of the defensive reaction as indicated by the intensity of
the contraction in facial muscles. The defensive reac-
tion included a rapid eye movement, in which the eyes
would move from an eccentric location to a centre posi-
tion. During stimulation of the polysensory zone, they
also found a centering of the eyes (Figure 2A). These
results demonstrate a cortical network subserving a
common and specific goal-related behaviour. 
The defensive response was independent of the
precise location of the stimulation in the polysensory
zone, prompting Graziano et al. [4] to suggest that the
polysensory zone may be a functionally uniform area
devoted to the control of defensive responses. Such a
result may, however, arise from the fact that prolonged
electrical stimulation recruits polysynaptic pathways —
prolonged stimulation might activate the same polysy-
naptic pathways independently of the specific sites of
stimulation. Nevertheless, the recruitment evoked by
the long-lasting stimulation does not seem to occur by
chance: it follows different routes that seem to reflect
existing functional networks.
Graziano et al. [4] have elegantly shown a clear-cut
correlation between intracortical electrical microstim-
ulation, a behaviour that can be evoked naturally by
sensory stimulation and neuronal activity within the
same stimulation sites. Neurons in the polysensory
zone tend to discharge at higher frequencies during
the strongest defence-like behavioural reactions to
sensory stimuli. The functional relevance of the neural
network artificially activated by intracortical electrical
microstimulation is to control a distinctive pattern of
movement by a variety of muscles unified by a partic-
ular goal: avoiding a potentially threatening stimulus.
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This functional network encodes actions rather than
movements. 
Goal-relatedness seems to be a common feature
within parietal-premotor networks [13], as shown also by
other work by Graziano and co-workers [14] in the
ventral parietal area (VIP). Neurons in the VIP have mul-
tisensory properties very similar to polysensory zone
neurons [15,16]. Area VIP projects predominantly to area
F4 [17], and intracortical electrical microstimulation of
area VIP evokes defensive movements of the shoulder,
arm, face and centering movements of the eyes [14].
Graziano et al. [4] suggest that their results have
revealed a new and specific function of the parietal-
premotor network VIP–F4: subserving defensive
reactions. From their work, Rizzolatti and coworkers
[18] inferred that the VIP-F4 network has a crucial
role in encoding peripersonal space and transform-
ing object locations in appropriate movements
towards and away from them. This interpretation
emphasises the fact that the goal of the action is
coded, and the goal in the case of VIP–F4 circuit is
bringing different body parts to a certain spatial loca-
tion. While Graziano et al.’s [4] interpretation focusses
on defensive reactions, both views agree upon the
fact that there are sectors of the cortical motor system
where goal-related actions are coded [19].The notion
of goal-relatedness as one of the main functional
feature of the premotor cortex is therefore elegantly
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Figure 1. The polysensory zone and
muscle activity evoked by its stimulation.
(A) Area F4 forms the caudal part of
ventral premotor cortex. (B) The location
of the polysensory neurons clustered in
the dorsal half of F4. (C) Results from
stimulating an example site with a tactile
receptive field on the left (controlateral)
side of the head and a visual receptive
field in register with the tactile one. Stim-
ulation for 500 ms, 50 µA and 200 Hz. The
histograms show EMG activity from the
right and left orbicularis muscles sur-
rounding the eyes. Each histogram is an
average of 24 trials. The EMG activity is
normalized to the resting level measured
in the inter-trial interval. (D) Results from
same site as in (C) but 10 minutes after
administration of anaesthetic. The evoked
activity was larger on the controlateral
side of the face both in (C) and (D).
(Adapted from [4].)
Contra orbicularisIpsi orbicularis
C   Awake
D   Anesthetized
Ipsi orbicularis Contra orbicularis
500 ms
500 ms
500 ms
500 ms
40
x 
re
st
in
g 
EM
G
 
40
x 
re
st
in
g 
EM
G
 
40
x 
re
st
in
g 
EM
G
 
40
x 
re
st
in
g 
EM
G
 
F5
F4
PZ
A B
Current Biology
Figure 2. Evoked defensive eye
movements.
The starting eye position for each trial is
aligned in a single point. Each green trace
is one trial; the red dots show the position
of the eye 60 ms after stimulus (A) or
saccade (B) onset. (A) Eye movements
evoked by stimulation of a cortical site in
the polysensory zone. The number of
trials for which the initial eye movement
was directed into each quadrant are
shown; the distribution is significantly
shifted toward the lower nasal quadrant.
(B) Spontaneous saccades that occurred
during inter-trials interval. No tendency
toward downward and nasal movement or
specific location was present. (Adapted
from [4].) N = number of trials.
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corroborated by the recent studies of Graziano and
co-workers [4]. 
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